All urban drainage networks are designed to manage a maximum rainfall. This situation implies an accepted flood risk for any greater rainfall event. This risk is often underestimated as factors such as city growth and climate change are ignored. But even major structural changes cannot guarantee that urban drainage networks would cope with all future rain events. Thus, being able to forecast urban flooding in real time is one of the main issues of integrated flood risk management. Runoff and hydraulic models can be essential elements of flood forecast systems, as an active part of the system or as studying tools. This paper gives an overview of current available options for pluvial flood modelling in urban areas, from basic estimations with a onedimensional urban drainage model to detailed flood process representation with one dimensional-two dimensional hydrodynamic coupled models. Each type of modelling solution is described with pros and cons regarding urban flood analysis. The paper then elaborates on real-time flood forecast systems and the influence of their main components. A classification of real-time urban flood systems is given based on the use of urban models, i.e. empirical scenarios, pre-simulated scenarios and real-time simulations. A review of existing operational systems is done using this classification.
INTRODUCTION

HYDROINFORMATICS FOR URBAN FLOOD APPLICATIONS
Various models are now available to analyse urban flooding.
As part of decision support tools, their main role is to use available data to run simulations to improve the understanding of flood phenomena for a given area. Although most of the models are now well known and used widely, it is important to put them into perspective versus available data and actual needs.
Rainfall-runoff model
Rainfall-runoff models use a set of hydrological parameters to characterize a catchment and compute the corresponding runoff. Although such models are data driven and not physically based, they are mentioned here as usual input for hydrodynamic models (including the drainage network). In fact, hydrodynamic model software often includes one or more rainfall-runoff options. One of the main interests in using catchment-based computations in urban areas is to get an estimation of the runoff geographic distribution, helped by proper catchment delineation (Figure 1 ). Catchment delineation can be performed at various scales, even as detailed as roof scale. Catchment scale is usually defined based on the drainage network architecture as well as on the needed level of detail. grid, making it an asset to study the effects of heterogeneous rainfall. However, an underground drainage network cannot be represented and has to be taken into Table 1 and Table 2 summarize some of the main advantages and possible outputs of each modelling approach regarding urban flood applications.
WHAT MAKES A ROBUST AND EFFICIENT URBAN FLOOD FORECAST SYSTEM (TABLE 3)?
Many factors can influence the quality of a flood forecast system. Most of these factors rely on the quality of constituents of the system. Urban flood forecast system architecture (Table 4) An example of standard urban flood forecasting system is presented in Figure 11 . Standard architecture of urban flood forecast system could also be approached such as the standard architecture of a house ( Figure 12 ). 
Inputs are foundations
Even the best designed and high quality house has to lie on good foundations, as even the best designed and most advanced flood forecast system has to rely on good input.
Hence, the quality of the rainfall data or of the weather forecast is a major issue for such systems. Also having access to real-time measurements such as water levels and discharge Table 2 . at key locations is certainly an asset to strengthen the foundations of the system.
Data collection is the walls
Strong and properly built walls are also needed to make a good house and support doors, windows, and the roof. As with the walls of the house, data collection is the heart of the flood forecast system. It includes data gathering and processing, as well as distribution to other parts of the system such as modelling and decision support tools. As for the rest of the system, proper timing is very important:
the time needed to collect and process data has to be suitable for a real-time forecast, i.e. short enough to prepare the forecast before the flood hits.
Decision support and modelling tools are the openings A proper house needs proper doors and windows, well designed and located to ensure good and natural circulation of people, air and light. Decision support and modelling tools allow a better analysis of past and future floods. Such tools add value to raw data and give extra key information to technical people and decision makers.
Warning process is the roof
Even if a house has good foundations, good walls, and proper openings, it will not protect against precipitation without the right roof. As roof design has to adapt to local context and rules, so flood warning content and technology have to adapt to local end users.
As for house architecture, the durability of a flood forecast system will rely on a combination of these four main components. Hence, as various as the nature of these components can be, to ensure global quality of the system none of them should be neglected and they should be balanced sensibly. Indeed, forecast system efficiency relies on the quality of constituting items and connections between each part of the system. Details and recommendations are given below regarding some of these items:
rainfall forecast, hydraulic models, and the warning process.
Rainfall data and weather forecast quality
The quality of the weather forecast has a major influence on the quality of a flood forecast system (Renée et al.
).
It is generally accepted that a rain gauge network alone is not sufficient for a proper weather forecast. However, a wide and well used rain gauge network is valuable to provide calibration and validation data and can even be used to set up indicative warning levels. When it comes to a weather forecast, the main technology used is weather radar-based forecasting ( Jensen & Pedersen ) . The use of national radar is usually less suitable for a local forecast system as it does not take into account the spatial distribution of the rain at a local level. However, high-resolution radar usually has a smaller range (e.g. from 20 to 60 km for an X-band radar with a 100 × 100 m to 500 × 500 m resolution). Therefore, a local radar network can be needed for large cities. A combination of micro-scale radar with meso-and macroscale radar is at present probably the optimal solution to get the best of both. Radar data information have to be tested under various rainfall conditions before Flow measurements at catchment outlets and drainage network inlets are useful to enhance and validate the rainfall-runoff estimation from both radar and hydrological models.
Hydraulic model quality
Ensuring the quality of any hydraulic model to be used in a flood forecast system is an obvious requirement. Of course, such a model has to be tested and validated against real historical events before it can be used opera- 
A CLASSIFICATION AND REVIEW OF REAL-TIME FLOOD FORECAST SYSTEMS
Flood forecast systems can be classified in several ways, as there are many different approaches and features involved.
Such systems always need a certain degree of customization, of course because each city has a different flood context but also to help users to get hold of the system. Classification can be done based on items that constitute standard architecture of such systems, such as the type of source for weather forecast, the level of pre-treatments and technology involved in data collection, etc. In this review, we chose to focus on the use of hydraulic models in the 'model and decision support tools' part of the system.
Hence, we suggest a three-types classification as follows:
• Empirical scenarios-based system: real-time flood forecast system with no hydraulic model involved in any part of the process.
• Pre-simulated scenarios-based system: real-time flood forecast system with scenario and results catalogue built from previous hydraulic simulations.
• Real-time simulations-based system: real-time flood forecast system with online and real-time hydraulic model(s).
Real-time flood forecast based on empirical scenarios
A rainfall forecast is used as input for empirical scenarios Copenhagen system, Denmark (Table 6) Copenhagen, the capital city of Denmark, experienced extended flooding in August 2010, and in July and August 2011. The city is located in a flat area by the sea and runoff water evacuation relies very much on the underground drainage network. This network is designed for a 10-year return period rainfall, hence an 'accepted' flood risk for any rain greater than the design rain. Thus, flood forecasting is now one of the main potential assets of integrated flood risk management. A flood forecasting system is currently being developed and tested for Amager, a south-east suburb of Copenhagen. This system will involve three different types of flood forecast and modelling solutions. Among these solutions, a scenario-based catalogue has been developed, using existing 1D-2D modelling scenarios for flood risk. A set of rules will allow the system to select the most probable scenario from a local rainfall forecast. Comparisons will be made with other solutions.
The system includes a website and automatic e-mail/SMS warnings. Bangkok system, Thailand (Table 7) In 2002 Barcelona system, Spain (Table 8) Surrounding mountains, steep slopes and dense urbaniz- Good results were obtained for non-convective rainfall, whereas for heavy convective rainfall the reliability of the results was lowered to an optimal prediction for the next 30 min only. This situation highlighted the influence of quality of rainfall forecast over quality of the whole forecast system, as well as the difficulty to detect and predict convective rainfall. HIDROMET has been operational since January 2009. In 2011, HIDROMET was also implemented Whatever the type of system, the main goal is to achieve a proper and efficient flood risk warning. There are different ways to carry out a flood risk warning and the type of end user has to be considered for interface adaptation. Table 9 lists a number of possible outputs for flood warning purposes, crossing it with the potential for each type of forecast system.
CONCLUSION
This paper presents a review of the current state-of-the-art modelling technologies with their pros and cons for urban flood applications. The intent is to help researchers and flood managers to move forward with flood modelling and real-time applications and give a global Although this standard architecture seems pretty straightforward, the variety of elements and technologies available to build it can be overwhelming. We decided to focus on modelling tools as the thread to propose a coupling is now reckoned as the more realistic approach to represent interactions between storm drainage network and city surface. But again, long computation times still constrain 1D-2D models to pre-simulated scenarios, while 1D-1D models prove fast enough to be used for real-time simulations. However, on-going research leads show very promising developments to speed-up 2D models and raise hope for real-time 2D and 1D-2D applications in the near future.
